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Abstract 

The  specialized  applications  of  thermoelectric  generators  are  very  successful  and  have  motivated  a  search  for 
materials  with  an  improved  figure  of  merit  Z,  and  also  for  materials  which  operate  at  elevated  temperatures.  Lead 
telluride,  PbTe,  is  an  intermediate  thermoelectric  power  generator.  Its  maximum  operating  temperature  is  900  K.  PbTe 
has  a  high  melting  point,  good  chemical  stability,  low  vapor  pressure  and  good  chemical  strength  in  addition  to  high 
figure  of  merit  Z.  Recently,  research  in  thermoelectricity  aims  to  obtain  new  improved  materials  for  autonomous 
sources  of  electrical  power  in  specialized  medical,  terrestial  and  space  applications  and  to  obtain  an  unconventional 
energy  source  after  the  oil  crises  of  1974.  Although  the  efficiency  of  thermoelectric  generators  is  rather  low,  typically 
~5%,  the  other  advantages,  such  as  compactness,  silent,  reliability,  long  life,  and  long  period  of  operation  without 
attention,  led  to  a  wide  range  of  applications.  PbTe  thermoelectric  generators  have  been  widely  used  by  the  US  army,  in 
space  crafts  to  provide  onboard  power,  and  in  pacemakers  batteries.  The  general  physical  properties  of  lead  telluride 
and  factors  affecting  the  figure  of  merit  have  been  reviewed.  Various  possibilities  of  improving  the  figure  of  merit  of  the 
material  have  been  given,  including  effect  of  grain  size  on  reducing  the  lattice  thermal  conductivity  Ay.  Comparison  of 
some  transport  properties  of  lead  telluride  with  other  thermoelectric  materials  and  procedures  of  preparing  compacts 
with  transport  properties  very  close  to  the  single  crystal  values  from  PbTe  powder  by  cold  and  hot-pressing  techniques 
are  discussed.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  0720;  7220;  7220P;  7215J;  7430E;  7430F;  7280 
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1.  Introduction 

1.1.  The  thermoelectric  phenomena 

The  three  basic  thermoelectric  effects  are  the 
Seebeck  effect,  the  Peltier  effect,  and  the  Thomson 
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effect.  These  effects  underlie  the  conversion  of  heat 
energy  into  electrical  energy  or  vice  versa.  When  a 
steady  temperature  gradient  is  maintained  along  a 
finite  conductor,  the  free  carriers  at  the  hot  end 
will  have  greater  kinetic  energy  and  tend  to  diffuse 
to  the  cold  end.  The  accumulation  of  charge 
results  in  a  back  electromotive  force  (e.m.f)  which 
opposes  a  further  flow  of  charge.  The  Seebeck 
voltage  is  the  open  circuit  voltage  when  no  current 
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Fig.  1.  The  Seebeck  effect. 


flows.  If  the  junction  of  two  dissimilar  conductors 
a  and  b  (Fig.  1)  are  maintained  at  two  different 
temperatures  7h  and  7c,  where  7h  >  7c,  an  open 
circuit  potential  difference  is  developed: 

v  =  «ab(FH  -  7C). 

The  Seebeck  coefficient  of  the  junction  between 
two  materials  a  and  b  is  the  same  as  the  difference 
between  the  two  absolute  coefficients  [1]: 

“ab  =  Ota  -  Otb, 

where  aa  and  oti,  are  the  absolute  Seebeck  coeffi¬ 
cients  of  the  two  materials  a  and  b. 

Thermocouples  formed  from  two  dissimilar 
conductors  are  used  to  measure  temperature  by 
thermoelectric  generation  of  electricity  from  heat. 
Metal  alloy  thermocouples  are  also  in  use.  Most 
metals  possess  Seebeck  coefficients  of  lOpVK-1 
or  less,  but  semiconductor  materials  are  promising 
in  constructing  the  thermocouples  because  they 
have  Seebeck  coefficients  in  excess  of  lOOpVK-1. 

Good  thermoelectric  materials  must  have  large 
Seebeck  coefficients,  high  electrical  conductivities 


and  low  thermal  conductivities  to  retain  the  heat  at 
the  junction  and  to  reduce  the  heat  transfer  losses. 
These  requirements  are  summarized  in  what  is 
called  the  figure  of  merit  Z  [2]: 

where  a  is  the  Seebeck  coefficient,  o  the  electrical 
conductivity,  and  X  the  thermal  conductivity. 

In  the  late  1950s  realization  that  devices  based 
upon  the  thermoelectric  effect  could  have  possible 
military  applications  [3,4]  resulted  in  a  tremendous 
experimental  survey  of  semiconductor  materials 
which  led  to  the  discovery  of  some  semiconductor 
materials  having  Z-values  higher  than  metals  or 
metal  alloys. 

Recently,  research  in  thermoelectricity  aims  to 
obtain  new  improved  materials  for  autonomous 
sources  of  electrical  power  in  specialized  medical, 
terrestrial  and  space  applications  and  to  obtain  an 
unconventional  energy  source  after  the  oil  crises  of 
1974  [5,6].  Large-scale  thermoelectric  generation 
of  electricity  requires  the  production  of  substantial 
amounts  of  semiconductor  materials,  accompa¬ 
nied  by  a  significant  improvement  in  the  material 
figure  of  merit. 

1.2.  Theory  of  thermoelectric  power  generator 

The  theory  of  thermoelectric  power  generating 
devices  has  been  discussed  in  a  number  of  books 
[1,2,7,8,75]  and  review  articles  [9-13]. 

A  thermoelectric  power  generator  consists  of 
many  thermocouples.  A  thermocouple  produces 
low  voltage  and  high  current.  Thus,  to  obtain  high 
voltages,  a  number  of  thermocouples  are  con¬ 
nected  electrically  in  series  and  thermally  in 
parallel  to  form  a  module.  The  module  is  heated 
at  one  end  (hot  side)  and  a  temperature  gradient 
was  maintained  with  respect  to  the  other  end  (cold 
side)  as  shown  in  Fig.  2. 

The  equation  that  describes  this  phenomenon 
may  be  written  as 

Qx  =  >'(T»  -  7c).  (2) 

Qy  is  the  conducted  heat  and  X'  the  total  thermal 
conductance  of  the  thermocouple. 
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Fig.  2.  Typical  thermocouple  configuration.  N,P:  thermo- 


In  the  case  of  semiconductors,  each  thermo¬ 
couple  consists  of  an  n-  and  p-type  arms  (thermo¬ 
element)  joined  at  a  junction.  If  /  is  the  length  of 
the  thermoelements  and  A  is  the  cross  sectional 
area,  then  2!  is  given  by 


l(AnA  n  +  APAP)' 


(3) 


The  temperature  difference  across  the  thermo¬ 
couple  sets  up  a  Seebeck  voltage  across  the 
thermoelements.  The  open  circuit  potential  differ¬ 
ence  (V)  developed  at  the  terminals  may  be 


written  as 

V  =  ap„  AT,  (4) 

where  ocpn  is  the  combined  Seebeck  coefficient  of 
the  two  thermoelements  and  is  given  by 

aPn  =  ap  -  an.  (5) 

When  a  load  Ry  is  connected  across  the 
terminals  of  the  thermocouple,  a  thermo¬ 
electric  current  /  passes  in  the  outer  circuit  and 
is  given  by 

I  =  <xpnAT/[R  +  RL],  (6) 


where  R  is  the  internal  resistance  of  the  thermo¬ 
couple  and  is  given  by  [14] 


where  pn  and  pp  are  the  electrical  resistivities  of  the 
n  and  p  thermoelements,  respectively. 

The  passage  of  the  thermoelectric  current 
across  the  junction  results  in  heat  generation  or 
absorption  as  a  result  of  the  Peltier  effect.  The 
quantity  of  heat  Q P  generated  (or  absorped)  is 
given  by 

Qp  =  nl,  (8) 


where  n  is  the  Peltier  coefficient. 

The  Joule  heat  Qj  due  to  the  passage  of  the 
current  /  in  the  circuit  is  given  by 

Qj  =  I2  R-  (9) 


It  has  been  shown  [15]  that,  to  a  first  approx¬ 
imation,  one-half  of  the  Joule  heat  generated  at  the 
junction  is  transported  to  each  of  the  thermo¬ 
couple  elements. 

A  detailed  heat  balance  at  the  junction  of  the 
thermocouple  may  be  given  as 

Qn  =  Qx'  +  Qn-\Qi-  (10) 

Similarly,  the  total  heat  rejected  at  the  junction, 
Qc,  may  be  given  as 

Qc  =  Q/;  +  {Qr)c+\Qp  (ll) 

Applying  the  energy  conservation  laws,  we  get 
Qn  =  Qc  +  I2Rp.  (12) 
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1.3.  The  efficiency  of  thermoelectric  power 
generator 


The  efficiency  of  the  generator  is  defined  as 
Electrical  energy  generated  at  the  load  R\ 
Heat  energy  input  at  the  hot  junction 


E 
=  2h 


(13) 


From  the  above  equations,  r]  may  be  expressed  as 
/2*L  1  r2 


For  a  fixed  value  of  7h  —  Tq  and  a  maximum 
power  output,  the  efficiency  7/p  is  given  by  [1] 


n  = 


(FH  -  7c) 

|  Fh  +  Tc  +  4/Zc 


(15) 


(Fh  —  Fc)(l  +  ZcF)l/2  —  1 
Fh(1  +  ZcF)1/2  +  Fc/Fh  ’ 


(16) 


where  T  =  (7h  —  Tq)/2.  For  good  thermoelectric 
materials  ZCT~  1.  For  Zc F<^  1 ,  rj0  is  approxi¬ 
mated  as 


%=\Zq  af, 


(17) 


where  Zc  is  called  the  figure  of  merit  of  the  couple 
and  is  given  by 


and  aab  is  the  Seebeck  coefficient  for  the  junction. 

If  the  two  arms  of  the  thermocouple  are  of 
identical  geometry  to  minimize  heat  absorption, 
then 


(«P  ~  «n)2 _ 

{(Vup)1/2+(v<>1/2}2 


(19) 


In  practice,  the  two  arms  have  similar  material 
constants  and  may  be  considered  as  a  single 
material;  the  figure  of  merit  is  given  by 


Z 


a2o 

~T’ 


(20) 


where  c  is  the  electrical  conductivity. 

Assuming  T(  =  300  K,  rj0  is  plotted  against  T 
for  a  range  values  of  Z  as  shown  in  Fig.  3  [11]. 
Thus,  for  maximum  efficiency,  the  factor  ZT 


ATOOxlO2 


Fig.  3.  Efficiency  f/0  of  a  thermoelectric  generator  as  a  function 
of  temperature  for  a  cold  junction  temperature  of  300  K  [11], 


should  be  maximized,  that  is,  Z  should  have  high 
values  over  as  wide  range  of  temperature  as 
possible.  Z  is  optimized  at  a  carrier  concentration 
of  1025-1024m-3.  From  Eq.  (20),  the  unit  of  Z  is 
K_I,  and  since  Z  may  vary  with  temperature,  ZT 
is  a  useful  non-dimensional  figure  of  merit. 

In  a  two-stage  thermoelectric  module,  the 
conversion  efficiency  is  about  13.5%,  while  it  is 
about  40%  for  a  central  power  station  [16]. 

The  specialized  applications  of  thermoelectric 
generators  are  very  successful  and  have  motivated 
a  search  for  materials  with  an  improved  figure  of 
merit,  Z,  and  also  for  materials  which  operate  at 
increased  temperatures. 

1.4.  Factors  affecting  the  figure  of  merit  Z 

The  figure  of  merit  as  defined  by  Eq.  (20) 
embodies  three  parameters:  the  Seebeck  coefficient 
a,  the  electrical  conductivity  o,  and  the  total 
thermal  conductivity  X.  All  three  are  functions  of 
the  carrier  concentration.  Fig.  4  shows  the  depen¬ 
dence  of  these  parameters  on  the  carrier  concen¬ 
tration.  From  this  figure,  it  is  seen  that  the  figure 
of  merit  reaches  its  maximum  value  around  a 
carrier  concentration  of  1026m-3,  which  corre¬ 
sponds  to  heavily  doped  or  near  degenerate 
semiconductors.  The  precise  carrier  concentration 
to  maximize  Z  depends  on  temperature  and  on  the 
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Fig.  4.  Dependence  of  Seebeck  coefficient  a,  electrical  con¬ 
ductivity  a  and  thermal  conductivity  (2e,  Al)  on  the  concentra¬ 
tion  of  free  carriers. 


specific  semiconductor.  Thus,  it  is  difficult  to 
increase  the  electrical  conductivity  of  the  material 
by  increasing  the  carrier  concentration  in  order  to 
maximize  Z  without  affecting  the  other  parameters 
a  and  A. 

For  metals  and  metal  alloys  the  ratio  X/a  is 
constant  and  it  is  directly  proportional  to  the 
temperature.  From  The  Wiedemann-Franz  law  at 
not  very  low  temperature  (T  >  0v,  where  is  the 
Debye  temperature)  this  ratio  is  given  by  [17] 


(21) 


where  k  is  the  Boltzman  constant,  and  e  i 
charge  of  the  electron. 

The  Lorenz  number  L  is  defined  as 

l=±=*(* y. 

oT  3  \e 


Semiconductors  have  X/a  greater  than  that  of 
metals  owing  to  their  poorer  electrical  conductiv¬ 
ity,  and  posses  Seebeck  coefficients  in  excess  of 
100  pVK-1  while  most  metals  have  Seebeck 
coefficients  of  lOpVK-1  or  less. 


ny!2(s  +  1) 


In  the  general  case,  the  Wiedemann-Franz  law 
for  semiconductors  has  the  following  form  [2]: 

i=(,+2)(i) r-  <23) 

where  s  is  the  scattering  parameter  defined  as 
/  =  l0(T)E\  (24) 

where  l  is  the  free  path  length  (mean  free  path)  of 
the  carriers,  E  is  the  carrier  energy,  and  s  is  a 
constant  which  depends  upon  the  scattering 
mechanism:  s  =  —  \  for  acoustic  phonon  scattering; 
s  =  +5  for  optical  phonon  scattering  (alloy  dis¬ 
order  scattering);  and  s  =  \  for  ionized  impurity 
scattering. 

Ioffe  [18]  has  shown  that  the  ratio  X/a  can  be 
decreased  if  the  thermoelectric  material  is  alloyed 
with  an  isomorphous  element  or  compound. 

Thermal  conductivity  in  semiconductors  is 
mainly  due  to  the  lattice  contribution  Xl,  while 
in  heavily  doped  materials  the  electronic  or  hole 
contribution  Ae  may  become  significant.  In  the 
range  of  intrinsic  conduction  the  bipolar  contribu¬ 
tion  2b  to  thermal  conductivity  must  be  taken  into 
account.  There  are  other  contributions  by  photons 
to  the  conductivity  Aphoton,  but  to  good  approx¬ 
imation,  the  total  thermal  conductivity  is  ex¬ 
pressed  as 

2t  =  XL  +  Xe  +  Ab.  (25) 

For  a  unipolar  material  where  only  electrons  or 
holes  predominate,  the  total  thermal  conductivity 
At  may  be  written  as 

At  =  Ae  +  A,.,  (26) 

where  Ae  and  Al  are  the  electronic  and  lattice  or 
phonon  thermal  conductivity,  respectively. 


1.5.  The  dimensionless  figure  of  merit 

The  dimensionless  figure  of  merit  ZT  can  be 
expressed  as  [14] 


W-<) 


Fs(Q 

a’f1/2(o 


(s  +  2)2F/+2(Q’ 
(s+l)Fs(0 


zr=(s+  iV,<0(7±{ 


+  (s  +  3)Fs+2(f) 


(27) 
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Table  1 

Important  material  parameters  [30] 


Material 

C„  (Nnr1) 

fil 

2l  (W  m~‘  r1) 

Ny 

Fg  (eV) 

eo 

£oo 

PbTe 

1.39  x  10" 

24 

1.7 

4 

0.32 

400 

38 

InAs 

1.0  x  1011 

5.8 

29 

1 

0.46 

14.54 

11.74 

InSb 

0.67  x  10u 

7.2 

15 

1 

0.165 

17.64 

15.75 

where  Fs  is  the  Fermi  integral  defined  as 


FAO  =  f 
Jo 


xdx 

ex~Z  +  1' 


£(=EF/kT)  is  the  reduced  (dimensionless) 
Fermi  level,  and  A '  is  a  dimensionless  material 
parameter: 


.  2  (nk)3/2k2A" 

A  ~  eP 


(28) 


and 


A" 


T^m*3/2 


JA 

Al 


(29) 


ZT  increases  monotonically  as  A',  and  subse¬ 
quently  A"  increases.  To  obtain  large  values  of  A", 
m*3/2  should  be  as  large  as  possible  and  ).y  should 
be  small. 

The  figure  of  merit,  in  its  dimensionless  form, 
for  a  single  band  conduction  model,  is  expressed 
by  [16,23] 


v!2o'  _  a'2  a' 

1  T  o'L'  1  -f-  2e/ 2l 


(30) 


where  a'  and  a'  are  the  reduced  Seebeck  coefficient 
and  electrical  conductivity,  respectively.  They  are 
defined  as 


Important  physical  parameters  of  PbTe,  InSb 
and  InAs  are  given  in  Table  1.  From  the  table,  it  is 
clear  that  PbTe  is  the  only  material  which  has 
Ny  =  4;  i.e.,  inter-valley  scattering  must  be  con¬ 
sidered  while  the  other  two  materials  have  Ny  =  1 . 
Calculated  values  of  Ae/ k\_  and  c  according  to  this 
procedure  are  shown  in  Figs.  5  and  6  as  functions 
of  C  for  parabolic  and  non-parabolic  bands  for 


1 


Fig.  5.  The  ratio  Ae/h,  and  the  Lorenz  factor  L,  as  a  function 
of  the  reduced  Fermi  energy  {  for  PbTe  at  300  K.  Acoustic 
phonon  scattering  without  inter- valley  scattering  [30].  Curves  A 
and  B  refer  to  parabolic  and  non-parabolic  bands,  respectively. 


Fig.  6.  The  ratio  Ae/'h  and  the  Lorenz  factor  L,  as  a  function 
of  the  reduced  Fermi  energy  {  for  PbTe  at  300  K.  Polar  optical 
scattering  [30],  Curves  A  and  B  refer  to  parabolic  and  non¬ 
parabolic  bands,  respectively. 


PbTe  at  300  K  [30].  Scattering  of  carriers  by 
acoustic  and  optical  modes  has  been  shown.  From 
these  figures  it  is  clear  that  the  effect  of  non- 
parabolicity  has  reduced  the  ratio  A/ ly  corre¬ 
sponding  to  a  particular  values  of  c:.  so  and  are 
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Table  2 

The  ratio  A/A  for  lead  telluride  corresponding  to  £opt  at 
different  temperatures  and  appropriate  to  parabolic  and  non¬ 
parabolic  energy  bands:  acoustic  phonon  scattering  [30] 


T 

(K) 

{°Pt 

A/A 

(parabolic 
band)  jSg  =  0 

A/A 

(non-parabolic 
band)  £g  =  0.08, 

A/A 

(non-parabolic 

P,  W 

300 

-0.75 

0.50 

0.27 

0.25  (0.15) 

500 

-0.90 

0.70 

0.35 

0.30 

700 

-1.20 

1.00 

0.50 

0.40 

900 

-1.30 

1.25 

0.65 

0.50 

t 


Fig.  7.  The  ratio  A/A,  as  a  function  of  the  reduced  Fermi 
energy  £  or  PbTe  at  different  temperatures.  A  non-parabolic 
energy  band  is  considered  with  /?g  =  kT/Es;  acoustic  phonon 
scattering.  Curves:  A  at  300  K,  B  at  500  K,  C  at  700  K,  and  D  at 
900  K  [30], 


the  static  dielectric  constant  and  the  dielectric 
constant  of  high  frequency,  s\  is  the  chemical 
potential,  and  Cn  is  the  elastic  constant  related  to 
the  average  sound  velocity. 

Table  2  represents  the  ratio  As/Al  for  PbTe 
corresponding  to  <ropt  at  different  temperatures  for 
parabolic  and  non-parabolic  energy  bands;  scat¬ 
tering  of  carriers  has  been  taken  as  due  to  acoustic 
phonons  only  [30]. 

Fig.  7  shows  the  ratio  Ae/A.L  as  a  function  of  6, 
for  PbTe  at  different  temperatures  [30].  Fig.  8 
shows  the  Lorenz  factor  L'  as  a  function  of 
temperature  and  carrier  concentrations  [16]. 


Fig.  8.  Variation  of  the  Lorenz  factor  L1  with  temperature 
for  PbTe  at  different  carrier  concentrations.  Curves:  A, 
3  x  1025m~3,  B,  1025nT3,  C,  5xl024nT3,  D,  1024m~3,  and 
E,  2  x  1023nT3  [16]. 


1.6.  Theoretical  models  for  analysis 
of  the  dimensionless  figure  of  merit 

For  narrow  band-gap  semiconductors  such  as 
PbTe  and  Si  Ge  alloys,  the  thermal  conductivity  is 
strongly  influenced  by  the  non-parabolic  nature  of 
the  energy  bands.  Bhandari  and  Rowe  [19]  have 
produced  a  detailed  theoretical  analysis  of  the 
figure  of  merit  for  a  model  system  which  was  a 
close  approximation  to  silicon-germanium  alloys. 

An  improved  theoretical  model  has  been  used  to 
analyze  the  high-temperature  thermal  conductivity 
of  doped  n-type  PbTe  in  terms  of  separate 
contributions  from  electrons  and  phonons.  This 
model  takes  into  consideration  that  at  high  carrier 
concentration,  carrier  scattering  mechanism  plays 
an  important  role  in  modifying  the  thermal  con¬ 
ductivity  and  both  acoustic  phonon  and  polar 
optical  scattering  must  be  included  in  the  analysis 
of  the  experimental  data.  Effect  of  the  multi¬ 
valleys  in  the  energy  band  structure  in  increasing 
the  figure  of  merit  and  other  effects  are  also  taken 
into  consideration  of  the  system  as  follows: 

1 .  Effect  of  the  presence  of  large  number  of  valleys 

in  the  energy  band  structure:  They  showed  that 

the  presence  of  a  large  number  of  valleys  may 
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help  in  attaining  a  high  figure  of  merit. 
However,  the  presence  of  many  valleys  may 
lead  to  inter-valley  scattering  which  effectively 
offsets  any  improvement  in  the  figure  of  merit. 
The  net  result  will  probably  be  slightly  higher 
than  the  single-valley  case. 

2.  Effect  of  various  scattering  mechanisms'.  Mixed 
scattering  of  ionized  impurity  scattering  and 
lattice  scattering  as  applied  to  a  single-valley 
model  showed  a  closer  agreement  of  ZT-values 
with  the  experimental  values. 

3.  Effect  of  hot-press  sintering  on  the  lattice 
thermal  conductivity  Ay:  Hot-pressing  the  ther¬ 
moelectric  materials  has  the  possibility  of 
reducing  the  lattice  thermal  conductivity  Ay. 

In  alloys  where  the  constituent  elements  have 
large  differences  in  atomic  masses,  short  wave¬ 
length  phonons  are  scattered  by  the  alloy  disorder, 
the  heat  being  conducted  by  phonons  of  long 
wavelength.  These  phonons  are  scattered  by  grain 
boundaries  [20-22]. 


2.  Lead  telluride  as  a  thermoelectric  material 

Most  of  the  widely  used  thermoelectric  semi¬ 
conductor  materials  are  based  upon  bismuth 
telluride,  lead  telluride,  silicon-germanium  alloys, 
and  more.  Recently,  boron-based  and  boron- 
carbon  materials  are  promising  materials  for 
high-temperature  thermoelectric  generation.  Each 
material  has  its  own  range  of  useful  operating 
temperatures  and  the  figure  of  merit  of  each 
material  differs  considerably. 

Fig.  9  shows  the  variation  of  the  figure  of  merit 
Z  of  the  most  common  thermoelectric  materials 
versus  temperature  [12].  Table  3  shows  the  max¬ 
imum  operating  temperature,  range  of  operating 
temperatures,  figure  of  merit,  and  the  maximum 
efficiency  of  some  thermoelectric  materials 
[35,36,75], 

It  is  apparent  from  Eq.  (17)  that  the  extent  of 
the  useful  range  of  operating  temperature  is  as 
important  to  the  performance  of  the  thermocouple 
as  is  the  figure  of  merit.  Fig.  10  shows  the 
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Fig.  10.  Conversion  efficiency  as  a  function  of  electrical  power 
output  [13,35,36], 


conversion  efficiency  of  bismuth  telluride,  lead 
telluride,  selenides  and  silicon-germanium  alloys, 
as  a  function  of  electrical  power  output  [15,35,36]. 

Although  the  efficiency  of  thermoelectric  gen¬ 
erators  at  present  is  rather  low,  typically  ~  5%,  the 
other  advantages,  such  as  compactness,  silent, 
reliability,  long  life,  and  long  periods  of  operation 
without  attention,  led  to  a  wide  range  of  applica¬ 
tions.  PbTe  thermoelectric  generators  have  been 
widely  used  by  the  US  army  [3,4],  in  space  crafts 
[27-30]  to  provide  onboard  power,  and  in  pace¬ 
makers  batteries. 

Lead  telluride  is  considered  as  an  intermediate 
thermoelectric  material.  Its  maximum  operating 
temperature  is  900  K.  PbTe  has  a  high  melting 
point,  good  chemical  stability,  low  vapor  pressure 


and  good  chemical  strength  in  addition  to  high 
figure  of  merit. 

2.1.  Doping  of  PbTe 

Lead  telluride,  PbTe,  has  a  rocksalt  structure 
(face-centered  cubic  (FCC)).  PbTe  can  be  n-  or 
p-type  material  as  a  result  of  departure  from 
stoichiometry,  (Pb-rich  PbTe  is  n-type,  while  Te- 
rich  PbTe  is  p-type).  To  produce  values  of  the 
Seebeck  coefficient  of  +  200pVK_1,  doping  is 
necessary. 

The  electrical  properties  of  PbTe  are  greatly 
affected  by  adding  foreign  atoms  to  the  PbTe 
lattice.  Halogens  may  be  used  via  PbCl2,  PbBr2  or 
Pbl2  to  produce  donor  centers.  Other  n-type 
doping  agents  such  as  Bi2Te3,  TaTe2,  MnTe2,  are 
added  to  PbTe,  they  substitute  for  Pb  and  thus 
create  uncharged  vacant  Pb-sites.  These  vacant 
sites  are  subsequently  filled  by  atoms  from  the  lead 
excess.  Because  the  valence  electrons  of  these 
vacant  atoms  are  not  involved  in  chemical  bond¬ 
ing,  they  diffuse  through  the  crystal.  The  donor 
concentration  induced  by  the  foreign  species  is 
found  to  be  independent  of  heat  treatment.  Alkali 
acceptor  agents  in  lead  telluride  are  discussed  by 
Kovalchik  et  al.  [38],  Borisova  [39]  and  Rustamov 
et  al.  [40]. 

p-Type  doping  agents  such  as  Na2Te,  K2Te, 
Ag2Te  substitute  for  Te  and  create  vacant  un¬ 
charged  Te  sites.  These  sites  are  filled  by  Te  atoms 
which  are  ionized  to  create  additional  positive 
holes.  The  free  electron  (n-type)  or  hole  concen¬ 
tration  (p-type)  in  PbTe  is  the  sum  of  the  electrons 
or  holes  originating  from  Pb  or  Te  in  solution  plus 
the  electrons  or  holes  introduced  by  the  donor  or 
acceptor  species. 


(  (uud-xt)  d 
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All  foreign  molecular  species  (agents)  effective 
as  donors  or  acceptors  are  known  as  negative  and 
positive  promoters,  respectively.  Fig.  1 1  shows  the 
room  temperature  resistivity  of  positive  promoters 
and  Fig.  12  shows  the  room  temperature  resistivity 
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Fig.  11.  Room  temperature  electrical  resistivity  of  PbTe  p-type 
doping  curves  of  positive  promoters. 
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Fig.  12.  Room  temperature  electrical  resistivity  of  PbTe  n-type 
doping  curves  of  negative  promoters. 


of  negative  promoters  as  a  function  of  promoters 
concentration. 

2.2.  Transport  properties  of  PbTe 

The  electrical  conductivity  and  the  Seebeck 
coefficient  of  PbTe  vary  with  temperature  for 
various  doping  levels  as  shown  in  Figs.  13  and  14 
[12].  The  figure  of  merit  of  PbTe  changes  with 
temperature  and  for  various  doping  levels  as 
shown  in  Fig.  15  and  Fig.  16  for  n-type  and 
p-type  PbTe,  respectively  [12],  The  temperature 
dependence  of  mobility  for  n-type  PbTe  at  high 
temperatures  is  shown  in  Fig.  17  (theoretical 
curves  and  experimental  data)  [25], 

Various  properties  of  PbTe  have  been  discussed 
in  detail  by  Ravich  et  al.  [24,25]  and  Scanlon  [26]. 
PbTe  has  been  used  as  a  thermoelectric  generator 
in  many  applications  where  conventional  power 
sources  are  unsuitable. 

2.3.  Improving  the  figure  of  merit 

It  has  been  shown  [20,31]  that  the  figure  of  merit 
can  be  improved  by  reducing  the  lattice  thermal 
conductivity  Al  which  contributes  about  75%  of 
the  total  thermal  conductivity  At,  provided  the 
electrical  properties  of  the  thermoelectric  material 
remain  unaffected. 

Attempts  to  improve  the  thermoelectric  perfor¬ 
mance  of  these  materials  were  made  by  decreasing 
the  Al  component  of  the  thermal  conductivity 
while  maintaining  the  original  values  of  a  and  a. 
Phonon-grain  boundary  scattering  has  a  signifi¬ 
cant  effect  in  reducing  the  lattice  thermal  con¬ 
ductivity  Al  of  semiconductor  alloys  when  the 
phonon  mean  free  path  or  wavelength  is  compar¬ 
able  to  the  grains  dimensions  without  affecting  a 
and  a  [26]. 

Disorder  scattering  will  be  present  in  PbTe  and 
its  alloys  due  to  mass  differences  of  the  atoms. 
This  mass  difference  is  smaller  than  that  in  the 
Si-Ge  alloys,  so  smaller  grain  sizes  than  those  in 
Si-Ge  alloys  will  be  required  to  get  a  significant 
reduction  in  Al . 

Theoretical  calculations  indicated  that  a  reduc¬ 
tion  of  7%  in  Al  in  optimally  doped  PbTe  can  be 
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obtained  with  a  mean  grain  size  of  the  order  of 
0.5  pm  [37], 

Materials  prepared  by  hot-pressing  techniques 
hold  out  such  a  possibility  of  reducing  the  lattice 


thermal  conductivity  by  scattering  of  phonons  at 
the  grain  boundaries.  Grain  boundary  scattering 
of  phonons  is  more  pronounced  in  alloys  where 
the  atoms  of  the  constituents  have  large  differences 
in  atomic  masses.  In  Si  Ge  alloys,  the  ratio 


216 


Z.H.  Dughaish  /  Physica  B  322  (2002)  205-223 


T(°C) 

Fig.  16.  Figure  of  merit  of  p-PbTe  as  a  function  of  temperature 
[12]. 


between  the  atomic  masses  of  Si  and  Ge  is  0.387 
while  it  is  0.616  for  Te  and  Pb  [34].  So,  the  lattice 
disorder  scattering  is  less  effective  in  PbTe  than  in 
Si  Ge  alloys.  Short  wavelength  phonons  are 
scattered  by  alloy  disorder,  while  the  long  wave¬ 
length  phonons  are  effectively  scattered  at  the 
grain  boundaries. 

Fine-grained  hot-pressed  silicon-germanium 
alloys  show  a  reduction  in  lattice  thermal  con¬ 
ductivity  compared  with  single  crystal  [13,19].  In 
heavily  doped  Si-Ge  alloys  of  grain  size  L<5pm, 
a  reduction  of  28%  in  lattice  thermal  conductivity 
has  been  reported  [14,31]. 

Several  researchers  have  discussed  the  control  of 
heat  conduction  in  nanostructures  through  pho¬ 
non  engineering,  and  nanoscale  heat  transfer  in 
microelectronics  [60],  energy  technology  [61],  and 
thermoelectric  cooling  in  bulk  and  quantum-well 
semiconductors  [62,63].  Recently,  the  thermoelec¬ 
tric  properties  of  superlattices  have  been  of 
considerable  interest  because  of  their  potential  as 
improved  thermoelectric  materials.  Promising 
work  [64—74]  to  increase  the  figure  of  merit  of 
thermoelectric  materials  is  carried  on  by  using  thin 
films  and  nanostructures  instead  of  the  bulk  to 
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Fig.  17.  Hall  mobility  of  electrons  in  PbTe  from  500  to  80  K 
(theoretical  curve  and  experimental  data)  [26]. 


reduce  the  thermal  conductivity  via  acoustical 
phonon  confinement  and  interface  scattering.  It 
has  been  suggested  that  ZT  in  superlattices  formed 
from  quantum  wells  and  quantum  wires  may  be 
dramatically  increased  over  those  for  bulk  because 
of  the  increase  of  the  electronic  density  of  states 
that  occurs  in  ideal  two-  and  one-dimensional 
systems. 

Hicks  and  Dresselhaus  [64,65]  have  shown  that 
the  dimensionless  figure  of  merit  ZT  of  Bi2Te3  in  a 
quantum-well  structure  has  the  potential  to  be 
increased  by  a  factor  of  13  over  the  bulk  value. 
This  large  increase  depends  crucially  on  the 
material’s  highly  anisotropic  effective-mass  tensor. 
To  achieve  this  increase,  the  layers  must  be 
prepared  in  the  oq—cq  plane  and  the  current  must 
flow  along  the  highest  mobility  «o_axis-  If  the 
multi-layers  are  prepared  perpendicular  to  the 
co-axis  along  the  ag—bo  plane,  then  there  is  still  an 
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increase  of  a  factor  of  3  over  the  bulk  value, 
provided  the  layers  can  be  made  10  A  thick. 

Harman  et  al.  [66]  reported  a  value  of  Z2nT  > 
1.2  at  room  temperature  for  PbTe  multiple 
quantum  wells  (MQWs).  Fan  et  al.  [63]  have 
reported  a  reduction  of  over  one  order  in  the  cross¬ 
plane  thermal  conductivity  of  Si0.89Ge0.ioC0.oi 
superlattice  than  that  of  Si. 

Theoretical  calculations  of  Hyldgaard  and 
Mahan  [68]  predict  in  Si/Ge  superlattices  an 
order-of-magnitude  high-temperature  suppression 
in  the  ratio  of  the  perpendicular  thermal  con¬ 
ductivity  to  the  phonon  relaxation  time.  Balandin 
and  Wang  [69,70]  have  predicted,  from  their 
numerical  calculations,  a  decrease  in  the  lattice 
thermal  conductivity  by  an  order  of  magnitude  in 
a  100-A-wide  free-standing  silicon  quantum  well  at 
T  =  293-413  K. 

Dresselhaus  et  al.  [71,72]  have  studied  the 
nanostructured  material  and  the  quantum  wires 
of  bismuth  (Bi).  More  recently,  Kong  et  al.  [73] 
reported  the  measurement  of  a  factor  of  7 
enhancement  of  ZT  relative  to  bulk  Si  for  a 
Si/Ge  superlattice.  Khitun  et  al.  [74]  have  studied 
the  figure  of  merit  of  Si  i  _xGev  quantum  wires 
rigorously  taking  into  account  spatial  confinement 
of  both  electrons  and  phonons.  A  significant 
enhancement  of  ZT  (order  of  magnitude)  is 
predicted  despite  the  decrease  of  the  carrier 
mobility  in  very  narrow  quantum  wires.  The 
enhancement  is  mostly  a  result  of  the  drop  in  the 
lattice  thermal  conductivity  caused  by  the  spatial 
confinement  of  acoustic  phonons  and  the  corre¬ 
sponding  increase  in  phonon  relaxation  rates.  The 
predicted  increase  is  important  for  the  anticipated 
applications  of  Sii_vGex  nanostructured  materials 
for  high-temperature  thermoelectric  devices. 

2.4.  Properties  of  lead  telluride,  PbTe 

2.4.1.  General  properties 

It  is  known  that  PbTe  and  the  solid  solutions 
based  on  it  are  promising  materials  for  use  in 
thermoelectric  generation  [2,38,39,47,49],  laser 
industry  and  microelectronics  [50-56].  PbTe  is  a 
semiconductor  with  an  energy  gap  of  0.3  eV.  Its 
crystal  structure  is  FCC  of  lattice  constant 
ao  =  6.5  +  0.02  A.  The  melting  point  of  undoped 


Table  4 

Some  physical  properties  of  PbTe 


Band  gap 

0.22  eV 

Work  function 

4.1  eV 

Melting  point 

1190  K 

Density 

8150  kg  m~3 

Lattice  constant 

6.440  A 

Young’s  modulus 

1.38  x  1011  Nm~2 

Thermal  expansion  coefficient 

18  x  10~6Kr' 

Activation  energy 

15  x  104JmOr1 

Number  of  valleys  Nv 

4 

Debye  temperature  6d 

130K 

Specific  heat 

155  Jkg-1  KT1 

Mobility  fie 

0.21  nr  s  'V  1 

PbTe  is  1 190  K  for  50  at%  Te  and  has  a  density  of 
8.15  x  103kgm-3.  Some  physical  properties  of 
PbTe  are  given  in  Table  4. 

2.4.2.  Sublimation  of  PbTe 

PbTe  sublimates  at  high  temperature.  There 
could  be  a  change  in  stoichiometry  due  to  the  loss 
of  the  dopant  or  any  of  the  constituents,  which 
in  turn  alters  the  thermoelectric  properties  of 
the  material.  Consequent  attempts  to  minimize 
the  sublimate  were  reported.  Killian  [32]  covered 
the  specimens  with  sleeves  of  various  annulus  sizes. 
He  found  a  reduction  of  3552  in  the  weight  loss 
rate  for  the  annulus  of  7  x  10_5m  compared  with 
unsleeved  (weight  loss  rate  of  9.13  x  10-lokgs-1 
for  unsleeved,  and  2.57  x  10“ 13 kgs-1  for  sleeved 
one  with  the  annulus).  Field  and  Bunde  [33] 
predicted  that  the  rate  of  sublimation  of  PbTe 
follows  the  following  formula: 
r  =  2rt twTW 

Pr,  ’ 

where  T  is  the  rate  of  sublimation  (kgm-2s-1),  i'q 
is  the  radius  of  the  specimen,  y  is  the  proportion¬ 
ality  constant,  T  is  the  absolute  temperature,  P  is 
the  surrounding  gas  pressure  (Nm-2),  E.d  is  the 
activation  sublimation  energy  (Jkg-1),  R0  is  the 
universal  gas  constant  =  24.81  Jkg-1  K-1,  and 
rj  =  1  for  argon.  They  calculated  the  rate  of  subli¬ 
mation  based  on  a  fixed  sample  radius  of 
0.318  x  10_2m.  For  n-type  PbTe,  the  calculated 
rate  of  sublimation  at  873 K  was  2.1  x  10_7kg 
m-2s-1  at  1.722  x  105Nm-2.  This  rate  ranged 
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from  9  x  10_8kgm_2s_1  at  673K  to  6  x  10-4kg 
m_2s_1  at  873  K  in  vacuum.  For  p-type  PbTe, 
the  rate  of  sublimation  changed  from  1.9  x  10-6 
kgm_2s_1  at  723K  to  7  x  10_3kgm_2s_1  at 
873  K  in  vacuum.  Recent  studies  [34,58]  using 
positive  cover  gas  pressure  of  inert  argon  gas  in  the 
range  1.38  x  105— 3.79  x  105Nm-2  showed  that  the 
rate  of  sublimation  varied  significantly  with 
increasing  cover  gas  pressure.  It  decreased  from 
9.69  x  10_6kgm_2s_1  at  1.722  x  105Nm“2  to 
4.52  x  10-6kgm-2s_1  at  3.79  x  105Nm“2;  thus, 
a  reduction  of  50%  in  the  rate  of  sublimation 
was  achieved.  A  further  reduction  in  the  rate  of 
sublimation  could  be  achieved  by  applying  higher 
gas  pressures  provided  the  equipment  can  with¬ 
stand  it. 

2.4.3.  Preparation  of  PbTe 

PbTe  has  the  phase  diagram  shown  in  Fig.  18 
[8,9].  It  has  a  single  freezing  point  at  50:50  at%  of 
Pb  and  Te  concentrations  and  resembles  a  metal  in 
this  respect.  PbTe  is  usually  prepared  from  high- 
purity  Pb  and  Te  elemental  components.  It  is 
customary  to  seal  them  inside  an  evacuated  silica 
ampul.  Large  single  crystals  are  prepared  by  a 
modified  Bridgman-Stockbarger  technique  by 
traversing  the  charge  inside  a  furnace  with  a  large 
longitudinal  temperature  gradient.  The  furnace  is 


heated  to  a  temperature  above  the  melting  point  of 
PbTe  (1 190  K). 

Large  single  crystals  are  also  prepared  by  the 
zone  melting  technique.  Homogeneous  PbTe  has 
also  been  prepared  by  isothermal  cooling  [34]. 
Fine-grained  PbTe  can  be  produced  by  quenching 
from  the  melt  [34]. 

2.4.4.  Preparation  of  PbTe  compacts 

2. 4. 4.1.  Compacts  from  coarse  powder.  Coarse 
powder  compacts  are  obtained  by  cold-pressing 
the  powder  at  6.97  x  104N  followed  by  a  two  stage 
annealing  procedure.  First,  the  material  is  heated 
at  1033  K  for  3  h,  second,  it  is  cooled  down  slowly 
inside  the  furnace  to  703  K  and  kept  constant  at 
this  temperature  for  4h.  The  furnace  was  switched 
off  and  the  sample  slowly  cooled  inside  the  furnace 
to  room  temperature  [34,57]. 

2. 4. 4.2.  Compacts  from  very  fine  powder.  Prepar¬ 
ing  compacts  from  very  fine  powder  was  not  easy. 
A  suitable  method  is  the  hot-pressing  technique 
employed  in  obtaining  dense  compacts.  A  three- 
stage  annealing  procedure  should  be  followed  to 
bring  the  transport  properties  of  the  hot-pressed 
compacts  close  to  the  single  crystal  values. 
Annealing  at  873  K  for  16  h,  then  annealing  at 
973  K  for  8h,  and  finally  for  2h  at  1033  K, 
followed  by  quenching  in  ice-water  bath  [34,59]. 
Annealing  at  1033  K  must  not  proceed  for  more 
than  4h,  because  of  the  decrease  in  densification 
which  accompanies  longer  annealing  periods. 

The  above-mentioned  procedures  should  be 
followed  to  prepare  the  PbTe  compacts  with 
transport  properties  close  to  the  single  crystal 


2.4.5.  Effect  of  grain  size  on  the  reduction 
of  the  lattice  thermal  conductivity  k\_ 

In  insulators,  heat  is  transferred  by  phonons, 
while  in  metals  heat  is  transported  by  both 
electrons  and  phonons;  so  the  thermal  conductiv¬ 
ity  X  can  be  expressed  as 
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Phonons  may  be  scattered  by  three  important 
mechanisms: 

(i)  Collision  of  a  phonon  with  other  phonons 
(phonon-phonon  interaction). 

(ii)  Collision  of  a  phonon  with  imperfections  in 
the  lattice,  e.g.  impurities,  dislocations  (pho¬ 
non-lattice  disorder  interaction). 

(iii)  Collision  of  a  phonon  with  boundaries. 

The  first  two  scattering  mechanisms  become 
ineffective  at  very  low  temperature  (FclOK).  In 
the  low  temperature  region,  the  third  scattering 
mechanism  (scattering  of  phonons  at  the  bound¬ 
aries)  becomes  the  predominant  mechanism,  be¬ 
cause  the  wave  length  of  the  phonons  are  very  long 
comparable  to  the  size  of  the  relative  grains.  The 
mean  free  path  here  is  l~D,  where  D  is  roughly 
equal  to  the  grain  diameter  and  is  therefore 
independent  of  temperature  [43]. 

At  low  temperature  (T  <g  dp,  where  Bo  is  the 
Debye  temperature),  the  lattice  thermal  conduc¬ 
tivity  varies  with  T 3  due  to  the  dependence  of 
the  specific  heat  on  T 3  in  this  range  of  tempera¬ 
ture  [44],  as  seen  from  the  following  expression 
for  Cv: 


where  R  is  the  gas  constant. 

It  is  possible  to  express  the  different  relaxation 
times  in  terms  of  the  reduced  phonon  frequency  x 
(=  ha/kT)  as: 

(1)  For  the  3-phonon,  U-process,  the  relaxation 
time  Tu  is  given  by 

tu =  ~2  (36) 

avx2 

and  for  the  3-phonon,  N-process,  the  relaxa¬ 
tion  time  tn  is  given  by 

v2  1 

Tn  =  —  =  , - V,  (37) 

aN  k0a\jxz 

where  k0  =  a^/av  represents  the  relative 
strength  of  N-U  processes. 

(2)  For  the  boundary  scattering,  the  relaxation 
time  may  be  given  by  [45] 


(38) 


where  L  is  the  Casimir  length  and  is  given  by 
L  =  Casimir  length  x  F 
=  3.47  x  \&dpQ  '/3v  'F, 


where  d  is  the  crystal  diameter,  p  the 
dimensionless  parameter  ( ~  1 .4),  Q  the  spe¬ 
cific  heat  constant,  v  the  sound  velocity,  and  F 
the  correction  factor  for  the  finite  length  of 
the  specimen. 

(3)  In  case  of  point  defect  scattering,  the  relaxa¬ 
tion  time  is  given  by  [46] 


1 

anX*’ 


(39) 


where  aD  as  shown  by  Klemens  [46]  is  given 
by 


where  I2o  is  the  volume  per  atom  and  F  a 
disorder  parameter 


2.4.5. 1.  The  lattice  thermal  conductivity  ).y.  The 
lattice  thermal  conductivity  /,]_  can  be  expressed  in 
terms  of  three  parameters  A,  B,  and  C.  A  depends 
upon  disorder  (alloying),  B  is  a  measure  of  the 
strength  of  phonon-electron/hole  coupling  (dop¬ 
ing),  and  C  is  usually  expressed  in  terms  of  a 
parameter  D,  which  is  inversely  proportional  to 
grain  size  L.  C  and  D  are  related  by  [17] 

D  =  CT,  (41) 

where  T  is  the  temperature.  A  =  0  corresponds  to 
unalloyed  material  with  no  disorder  present,  B  =  0 
corresponds  to  undoped  material,  and  C  =  0 
corresponds  to  single  crystal  material. 

It  was  shown  that,  in  general  [17] 

AL(A,B,C  =  0)  =  ALsingle  (42) 

represents  the  lattice  thermal  conductivity  of  a 
doped  single  crystal  alloy. 

Graphs  of  At. /At  single  at  room  temperature  for 
unalloyed  PbTe  (A  =  0)  and  highly  disordered 
alloys  of  PbTe  (A  =  5)  are  shown  in  Fig.  19  as  a 
function  of  grain  size  and  level  of  doping. 

2. 4. 5.2.  The  electronic  thermal  conductivity  Ae.  The 
electronic  thermal  conductivity  Ae  is  expressed 


tb  =L/V, 
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Fig.  19.  Plot  of  AiV^Lsingie  for  unalloyed  (dashed  lines)  and 
highly  disordered  alloys  (solid  lines )  of  n-type  PbTe  at  300  K  as 
a  function  of  grain  size  and  level  of  doping,  ko  =  1.0,  A  =  0; 
curves:  1,1'— B=  0.05;  2,2'— B  =  0.010;  3,3'— B  =  0.005;  and 
4,4' — B  =  0  [41], 


2.4.6.  Mixed  scattering 

In  real  systems,  two  or  more  scattering  mechan¬ 
isms  usually  operate.  The  contribution  of  each 
type  of  the  scattering  mechanism  varies  strongly 
with  temperature  and  impurity  concentration.  In 
heavily  doped  semiconductors,  normally  at  least 
two  scattering  mechanisms  must  be  considered: 

(i)  scattering  by  ions  and  acoustic  phonons,  or 

(ii)  scattering  by  ions  and  optical  phonons. 

In  covalent  semiconductors  scattering  of  carriers 
occurs  by  ions  and  acoustic  phonons  while  in  polar 
semiconductors,  carriers  are  scattered  by  ions  and 
optical  phonons.  In  case  of  mixed  scattering  when 
acoustic  phonons  and  impurity  scattering  act 
simultaneously,  each  has  a  relaxation  time  defined 
by  [16,42] 

Tac  =  ToL!T1/2,  (47) 


as  [1,16] 

/e  =  L'(k/e)2aT,  (43) 

where  L'  is  the  dimensionless  Lorenz  factor,  and 
L'(k/e)2  is  the  Lorenz  number  L. 

When  using  the  classical  statistics,  the  Lorenz 
factor  is  given  by  [16] 

L' =(§  +  /),  (44) 

but  when  Fermi-Dirac  statistics  are  used,  L'  is 
expressed  as 


(s  +  \)F, 


XX) 

>XO 


‘(s+llTh+gj)]2 

(s+ ’ 


(45) 


i  w 

and  £  is  the  reduced  Fermi  energy,  and  s  is  a 
scattering  parameter  that  depends  upon  the 
scattering  mechanism. 

In  order  to  show  the  dependence  of  Al  on  grain 
size  ( L ),  the  grain  size  is  classified  by  using  a  set  of 
microsieves  and  compacts  of  grain  sizes 
10<L<20pm  and  L~lpm  were  used  [34,59]  in 
addition  to  single  crystal  to  compare  with. 


limp  =  T  0rf<2,  (48) 

and  the  combined  relaxation  time  x  is  given  by 

So  the  combined  relaxation  time  x  can  be 
written  as 

T  =  tol»73/2/0/2  +  b2),  (50) 

where  b 2  (=  xol/xo0  is  a  measure  of  the  relative 
strength  of  the  ionized  impurity  scattering  and 
lattice  scattering,  and  rj  =  E/kT  is  the  reduced 
carrier  energy. 

Fig.  20  shows  the  calculated  values  of  Ae  of 
n-type  PbTe  as  a  function  of  carrier  concentra¬ 
tion  ( n )  and  temperature  ( T)  assuming  that  elec¬ 
trons  are  scattered  by  acoustic  phonons  [41].  At 
n>  1024m-3,  Ae  becomes  comparable  with  Al 
and  increases  rapidly  with  a  further  increase  in 
carrier  concentration.  Assuming  a  temperature 
dependence  of  l/T  for  Al,  the  total  thermal 
conductivity  At  is  obtained  as  a  function  of  n  and 
T  as  shown  in  Fig.  21.  Fig.  22  shows  the  total 
thermal  conductivity  of  n-type  PbTe  as  a  function 
of  temperature  for  two  different  carrier  concentra¬ 
tions:  n  =  5  x  1024  and  1025m“3  [41], 
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Fig.  20.  Electronic  thermal  conductivity  Xe  for  n-PbTe  as  a 
function  of  carrier  concentration  and  temperature  (acoustic 
scattering  and  non-parabolic  bands).  Curves  1,  2,  3,  and  4 
correspond  to  temperatures  of  300,  450,  600,  and  750  K, 
respectively  [41], 


Fig.  21.  Total  thermal  conductivity  Xt  as  a  function  of  carrier 
concentration  and  temperature  (acoustic  scattering).  1,1' — 
300  K;  2,2' — 450  K;  3,3'— 600  K;  and  4,4'— 750  K  (dashed  lines: 
parabolic  bands;  solid  lines:  non-parabolic  bands  [41]). 


T(K) 


Fig.  22.  Total  thermal  conductivity  Xt  as  a  function  of 
temperature.  1,1' — 5xl024nT3;  2,2' — 1025nU3;  and  l',2' 
include  scattering  of  electrons  by  polar  optical  modes  along 
with  the  acoustic  modes.  Experimental  points:  5  x  1024  and 
1025  m~3  [41], 


Scattering  of  phonons  by  free  electrons  was 
taken  into  account  when  calculating  Ay  contribu¬ 
tion  to  Fig.  22. 

From  the  previous  figures,  it  is  concluded  that 
the  effect  of  the  acoustic  and  polar  optical 
scattering  modes  and  the  effect  of  non-parabolic 
energy  bands  should  be  taken  into  consideration  in 
the  calculations  of  Ae. 

This  review  article  gives  a  brief  and  concen¬ 
trated  material  about  lead  telluride  as  a  useful 
thermoelectric  material  for  power  generation.  For 
more  details,  it  is  advised  to  refer  to  the  given 
references  in  every  section. 


At  n~  1025m-3,  Ae  contribution  to  /t  becomes 
dominant,  and  contribution  to  polar  optical  mode 
scattering  should  also  be  included  in  the  calcula¬ 
tion  of  Ae.  In  Fig.  22  curves  1  and  2  correspond  to 
acoustic  phonon  scattering  and  the  effect  of  non¬ 
parabolic  energy  bands;  curves  1'  and  2'  are  of 
the  total  thermal  conductivity  At  with  Ae  is  given 
by  [41] 

V1=KLu,+  Coptic-  (51) 
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